Dense maps of short-tandem-repeat polymorphisms (STRPs) have allowed genome-wide searches for genes involved in a great variety of diseases with genetic influences, including common complex diseases. Generally for this purpose, marker sets with a 10 cM spacing are genotyped in hundreds of individuals. We have performed power simulations to estimate the maximum possible intermarker distance that still allows for sufficient power. In this paper we further report on modifications of previously published protocols, resulting in a powerful screening set containing 229 STRPs with an average spacing of 18n3 cM. A complete genome scan using our protocol requires only 80 multiplex PCR reactions which are all carried out using one set of conditions and which do not contain overlapping marker allele sizes. The multiplex PCR reactions are grouped by sets of chromosomes, which enables on-line statistical analysis of a set of chromosomes, as sets of chromosomes are being genotyped. A genome scan following this modified protocol can be performed using a maximum amount of 2n5 µg of genomic DNA per individual, isolated from either blood or from mouth swabs.
Introduction
The localization of genes in genome-wide searches is performed by the use of saturated maps of shorttandem-repeat polymorphisms (STRPs) or microsatellite loci. Recent applications of STRP maps are genome scans for genes involved in common multifactorial diseases such as type II diabetes (Mahtani et al., 1996 ; Ghosh et al., 1998 Ghosh et al., , 1999 and osteoarthritis (Chapman et al., 1999) or for quantitative trait loci (QTL) determining quantitative variables associated with disease risk (Xu et al., 1999) .
Genome scans thus far comprise genotypings of on average 400 microsatellite marker loci at 10 cM spacing in hundreds of individuals and are extremely time-consuming. To increase the efficiency, a balanced choice of markers can be made based on the maximum * Corresponding author. e-mail : P.Slagboom!PG.TNO.NL possible spacing to limit the number of genotypings at a minimum risk of type II errors. To minimize genotyping errors, tri-and tetranucleotide repeat polymorphisms can more accurately be scored than CA-repeat polymorphisms, because of greatly reduced strand slippage during amplification and concomitant simplification of banding patterns. Additionally, CArepeat loci have a mutation rate 1n5-2 times higher than tetranucleotide repeat loci (Chakraborty et al., 1997) . Multiplex PCR reactions, amplifying several STRPs simultaneously, should be developed in which markers in the same reaction do not overlap.
We have modified existing protocols of Human Screening Set 8 (Yuan et al., 1997) , developed by the Marshfield Medical Research Foundation, for genome scanning in which minimal amounts of genomic DNA, including DNA collected by the non-invasive mouth swab procedure (Meulenbelt et al., 1995) , are required.
Materials and methods

(i) Power simulation
Power simulations were based on 500 unselected sib pairs and a trait heritability of 75 %. Simulations were carried out for markers with a heterozygosity of 75 %. The QTL effect accounted for 25 % of the phenotypic variance and the QTL was always located between two loci. Data were analyzed using a maximumlikelihood variance components approach modelling the full 2i2 sibship covariance structure (Fulker & Cherny, 1996) , with pi-hats estimated from IBD distributions obtained from running Mapmaker\SIBS (Kruglyak & Lander, 1995) .
(ii) Marker set
The Human Screening Set 8 (Yuan et al., 1997 ) was used as a basis for composing the alternative screening set. The primer sequences and the inter-marker distances are available at the Marshfield Medical Research Foundation web site (http :\\research. marshfieldclinic.org\genetics).
(iii) DNA isolation
Genomic DNA was isolated from whole blood and from mouth swabs using a chloroform : isoamylalcohol (24 : 1) extraction method (see below). Mouth swabs were taken from subjects according to our previously published method (Meulenbelt et al., 1995) , but since the chloroform : isoamylalcohol (24 : 1) extraction method appeared to be as successful as the phenol\ chloroform extraction we used the former. The mouth swabs were collected from participants by post. Mouth swabs were taken and stored by the participants in STE buffer (100 mM NaCl, 10 mM EDTA, 10 mM Tris) including 0n1 mg\ml proteinase K and 0n5% SDS. When the swabs arrived by post in the TNO laboratories, the proteinase K concentration was increased to 0n2 mg\ml and the swabs were incubated at 65 mC for 2 h. After centrifugation of the samples as described (Meulenbelt et al., 1995) , 0n2 volume of 8 M KAc was added to the lysate and mixed well but gently. The mixture was kept on ice for 15 min. One volume of chloroform : isoamylalcohol (24 : 1) was added and placed in a top-over for half an hour. Subsequently, samples were centrifuged and isopropanol was added to the supernatant for precipitation of genomic DNA. DNA of 1911 individuals was obtained using this mouth swab procedure and the average yield per cotton bud was 2n0 µg (SD 1n4) genomic DNA. Depending on the subject taking the mouth swab, the DNA yield is quite variable. For DNA extraction from whole blood lysis was performed as usual, followed by the same extraction steps as for mouth swabs.
(iv) PCR conditions
The PCR was performed in 96 wells V-microtitre plates (Biozyme) in a total volume of 10 µl. The reaction mix contained 10 ng genomic DNA template, isolated from either whole blood or mouth swabs ; PCR buffer as supplied with the enzyme by the manufacturer (Amersham Pharmacia Biotech) ; 0n073 µM of each primer, of which the forward primer was labelled with Cy5 (Amersham Pharmacia Biotech) ; 200 µM each of dATP, dTTP, dGTP, dCTP (Amersham Pharmacia Biotech) ; and 0n2 units recombinant Taq DNA polymerase (Amersham Pharmacia Biotech). To make the multiplex PCR reaction successful, it was only necessary in some cases to adapt the final primer concentration. The PCR reactions were performed in PTC-100 machines (MJ Research). The program consisted of an initial denaturation for 1 min at 94 mC, followed by 27 cycles of 30 s denaturing at 94 mC, 75 s annealing at 55 mC and 15 s extension at 72 mC, which were concluded with a final extension of 6 min at 72 mC.
(v) Electrophoresis
The electrophoresis and fragment separation were performed using short gel systems of the automated laser fluorescent DNA sequence analyzer ALFexpress (Amersham Pharmacia Biotech). When Sequagel-6 (National Diagnostics) was used, the gel could be loaded twice with PCR products and when High Resolution ReproGel (Amersham Pharmacia Biotech, which polymerizes during 10 min of exposure to UV light, was used, the gel could be loaded at least three times in subsequent order, still resulting in sharp peak patterns.
(vi) Genotyping
The allele analysis was performed using Fragment Analyser software (Amersham Pharmacia Biotech). The genotypes of the parents of eight CEPH families (102, 884, 1331, 1332, 1347, 1362, 1413 and 1416) were used for composing the allelic standards. Each genotype was reviewed manually by two individuals to confirm the accuracy of allele calling.
Results
Simulations showed that genome scans with a spacing of 20 cM have enough power to detect QTL effects, which account for 25 % of the phenotypic variance of a trait with a heritability of 75 %, in a population of 500 sib pairs. The 25 cM Human Screening Set 8a appears to have too little power in searches for such QTLs and the 10 cM Human Screening Set 8 (Yuan et al., 1997 ) seems too elaborate. Therefore, we composed an alternative set of 229 markers based on the Human Screening Set 8 with an average spacing of 18n3 cM (SD 3n9). The average heterozygosity of these markers is 0n77 (SD 0n06) and 86n5 % are tri-and tetranucleotide repeat polymorphisms. The Marshfield Medical Research Foundation described multiplex PCR combinations for their 10 cM spaced screening set (http :\\research. marshfieldclinic.org\genetics). We redesigned the composition of markers in each multiplex PCR and the corresponding conditions. The resulting 80 multiplex PCR reactions (Appendix) are grouped by markers randomized over sets of 3 to 5 chromosomes ( Table 1 ) to enable statistical analysis of the search data before finishing the whole genome scan at large. In addition, a margin of at least 15 base pairs between allele sizes of different markers in a multiplex was chosen to avoid overlap.
A protocol was developed in which only 10 ng genomic DNA per multiplex PCR reaction is used. Hence, a complete genome scan requires at most 2n5 µg of genomic DNA. Our protocol is successful using DNA isolated from whole blood as well as from mouth swabs. After evaluation of 90 000 genotypes, which were performed in 16 months using two ALFexpress (Amersham Pharmacia Biotech) systems, the average genotypic error rate was less than 1 % and the average missing data rate was 8 % using this protocol.
Discussion
We performed power simulations and adapted existing protocols in order to limit the number of genotypings in a genome scan and still retain sufficient power in statistical analysis. This resulted in a set of 229 markers, measured in 80 multiplex PCR reactions, with an average inter-marker distance of 18n3 cM. The high percentage of tri-and tetranucleotide repeat markers reduces the percentage of genotypic errors. The markers in each multiplex PCR reaction, which all require the same PCR conditions, allow 15 base pairs spacing of alleles to avoid overlap. The genotypings were performed using an ALFexpress system (Amersham Pharmacia Biotech), but these multiplex PCR reactions can easily be used in other genotyping equipment.
Multiplex PCR reactions were composed from marker combinations grouped by sets of several chromosomes. Statistical analysis can therefore be performed per set of chromosomes, while other sets are being genotyped. Using our protocol, fine-mapping of positive chromosome regions could be started at an earlier stage.
Due to the adapted PCR conditions, smaller than usual amounts of DNA are required. For a wholegenome scan using our protocol, at most 2n5 µg of genomic DNA is required, whereas for a 10 cM spaced genome scan of the Marshfield Medical Research Foundation (http :\\research. marshfieldclinic.org\genetics), a 6-fold increment of genomic DNA is required.
Finally, our genotyping procedure is successful on genomic DNA isolated from blood as well as from mouth swabs collected by post. The use of DNA isolated from mouth swabs is especially suitable for studies involved in geographically scattered subjects and for studies in which it is not feasible to obtain blood from participants. In conclusion, we have increased the efficiency of genome scanning and developed a protocol to facilitate scanning on small quantities of genomic DNA.
Appendix. List of loci in multiplex reactions
Reaction number
Chromosome Marker name
Locus name 
